was cloned into the plasmid pGB2, and the resulting recombinant plasmid, pTPR1, was tested for its ability to serve as a diagnostic probe for P. syringae pv. tomato. In a survey of 75 plant-associated bacteria, pTPR1 hybridized exclusively to those strains that produced coronatine. The detection limit for this probe, which was labeled with the Chemiprobe nonradioactive reporter system, was approximately 4 x 103 CFU of lesion bacteria. During the 1989 growing season, a total of 258 leaf and fruit lesions from nine tomato fields were screened for P. syringae pv. tomato by using pTPR1 and the culture method of detection. The best agreement between the two methods, 90%, occurred early in the season with samples taken from relatively young (5-week-old) plants. Young plants also had a higher percentage of P. syringae pv. tomato-positive lesions. P. syringae pv. tomato was the only coronatine producer recovered from the nine tomato fields. All 244 P. syringae pv. tomato strains isolated during this study reacted strongly with the probe. The P. syringae pv. tomato population of healthy field tomato leaves was determined by a pTPR1 colony hybridization procedure. Every probe-positive colony that was isolated and characterized was identified as P. syringae pv. tomato. The pTPR1 probe should expedite disease diagnosis and facilitate epidemiological studies of this pathogen. It also should aid in screening transplant seedlings for bacterial speck infestation.
Pseudomonas syringae pv. tomato causes bacterial speck, one of the major bacterial diseases of tomato plants in Canada. Because bacterial speck lesions on both the leaves and fruit can vary in size, texture, and color, they may be confused with those produced by other tomato pathogens such as Xanthomonas campestris pv. vesicatoria and Pseudomonas syringae pv. syringae. Accurate diagnosis requires that the pathogen be isolated, purified, and then characterized by a series of biochemical, physiological, and pathogenicity tests. This process is laborious and quite time-consuming. A more rapid means of identification is available through immunoassays and bacteriophage typing (5, 10, 21) . Unfortunately, neither procedure is specific enough to serve as a direct diagnostic test for this pathogen.
Nucleic acid hybridization offers another approach to the rapid identification of pathogenic bacteria (9, 13, (27) (28) (29) 31) . Provided that the appropriate DNA sequence and hybridization conditions are chosen, both the specificity and sensitivity of this method can be quite high (32) . Some of the probes that have been developed recognize the coding sequence of virulence factors, while others bind to genes encoding ribosomal RNA or to cryptic chromosomal fragments unique to the pathogen (30) . The recent development of highly sensitive hybridization assays that employ stable, safe-to-use non-radioactively labeled DNA probes should lead to the more frequent use of this technique in diagnostic laboratories (19) .
Recently, two EcoRI restriction fragments of P. syringae pv. tomato DNA were combined to make the DNA hybridization probe PST-DNA (7, 8) . Although a method was developed whereby PST-DNA could distinguish P. syringae * Corresponding author.
pv. tomato from P. syringae pv. syringae, this probe is not highly specific. It reacts with several other P. syringae pathovars and does not work as well with infected tissue as it does with purified cultures.
In a previous study, we used TnS mutagenesis to identify and characterize a 30-kilobase (kb) region of the P. syringae pv. tomato genome involved in the production of the phytotoxin coronatine (26) . The only bacteria known to produce this toxin are P. syringae pv. tomato, Pseudomonas syringae pv. glycinea, Pseudomonas syringae pv. maculicola, and Pseudomonas syringae pv. atropurpurea (24) . A 5.3-kb XhoI fragment from this region was tested for sequence homology to genomic DNA from eight P. syringae strains; only the known coronatine producers hybridized with the probe. In this study, this XhoI fragment, which had been cloned into the plasmid pGB2, was tested for its ability to serve as a diagnostic probe for the bacterial speck pathogen. When tested against bacterial plant pathogens and tomato epiphytes, it hybridized exclusively with the coronatine producers. Procedures were developed for quantifying the pathogen in healthy tomato leaves and for detecting it in leaf and fruit lesions. Every P. syringae pv. tomato strain isolated from field tomatoes reacted with the probe. None of the other coronatine producers were recovered from the nine fields screened.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains used in this study are listed in Table 1 . P. syringae pathovars were grown on nutrient broth-yeast extract (NBY) agar as previously described (6) . Escherichia coli strains were grown in Luria-Bertani medium (23) at 37°C. When required, the media were supplemented with one or more of the following (11, 26) .
w York) Isolation and manipulation of DNA. Bacterial genomic ntario) DNA was isolated and purified as described previously (6) .
Nrance)
Plasmids were purified by centrifugation (296,000 x g) in a (Nebraska) two-step cesium chloride gradient (12 on November 6, 2017 by guest http://aem.asm.org/ Downloaded from and the liberated DNA was bound to the filter by a procedure described by Maniatis et al. for the in situ hybridization of bacterial colonies (procedure I [23] ). Our denaturing solution, however, did not contain NaCl, and the air-dried filter went directly from the neutralizing solution to the vacuum oven.
For probe sensitivity assays, a P. syringae pv. tomato DCT6D1 leaf lesion was excised from the plant, cut into quarters, and incubated in 1 ml of sterile, distilled water for 60 min at 4°C. The eluate was serially diluted 1:1 with sterile, distilled water to give a range of bacterial concentrations from 105 to 102 CFU/ml. The bacteria from each dilution were deposited on a nitrocellulose filter, and the blot was processed as described above. The appropriate dilutions were plated on NBY agar to obtain the exact viable count. For probe sensitivity assays with purified bacterial DNA, the DNA was denatured and processed for filtration by the procedure described by Denny et al. (8) . Before denaturation, the DNA was serially diluted 1:1 in TE buffer (10 mM Tris hydrochloride-i mM EDTA; pH 8.0) to give a range of concentrations from 140 to 0.07 ng. After the DNA samples were deposited on a nitrocellulose filter by using the hybrislot manifold, the blot was air dried and baked for 2 h at 80°C in a vacuum oven.
Hybridization procedures. The pTPR1 probe was labeled with 32p, as described previously (26), or by Chemiprobe, a nonradioactive DNA labeling kit (ChemiProbe, FMC BioProducts, Rockland, Maine). The Chemiprobe kit inserts antigenic sulfone groups into the cytosine residues of probe DNA. After hybridization .to homologous DNA, the modified probe is located by using a sandwich immunoenzymatic reaction. Monoclonal antibody binds to the sulfone residues of the modified DNA and then to an alkaline phosphataseanti-immunoglobulin conjugate. Addition of a chromogenic alkaline phosphatase substrate colors the hybridized probe blue. Hybridization and development of the DNA blots were performed according to the high-sensitivity protocol of the manufacturer, except that the hybridization solution was modified to 3 x SSC (0.45 M NaCl and 0.045 M sodium citrate), 50% formamide, lx Denhardt solution (0.02% each Ficoll, polyvinyl pyrrolidone, and bovine serum albumin), 5% dextran sulfate, 200 pug of yeast RNA per ml (Sigma Chemical Co., St. Louis, Mo.), and 20 jig of heat-denatured, sonicated salmon sperm DNA per ml. Optimal color development occurred in 30 to 60 min. The same hybridization solution was used with the 32P-labeled probe. The washing and development of radioactive blots has been described previously (23) .
Inoculation of tomato plants. The leaves of 2-to 4-week-old tomato seedlings (Lycopersicon esculentum Mill. 'Bonny Best') were infected with P. syringae pv. tomato and incubated in a growth chamber under conditions that have already been described (6) The sensitivity of the sulfonated pTPR1 probe was co'mpared with that of a 3Plabeled probe by using serial dilution's (1:1) of purified genomic DNA from P. syringae 'pv. tomato DC3000 (Fig. 3) . The sulfon'ated probe dete'cted 0.25 to 0.5 ng of DNA, while the radiolabeled probe' gave a posit'ive signal with a'ppro'ximately 1.0 ng. As with the lesion assays, the background obscured the Chemiprobe color developmen't when the DNA concentration dropped below 0.5 ng. culture method of detection (Table 2 ). The culture method consisted of streaking lesion eluates on King medium B, selecting fluorescent colonies with typical P. syringae pv. tomato morphology, and performing pathogenicity and carbon source utilization tests on purified cultures of the isolated bacteria. The pathogen was present in 217 lesions (84%) with younger plants having a significantly (P = 0.05) higher level of infestation. Leaf and fruit lesions collected on 12 July from 5-to 9-week-old plants were 100 and 93% positive whereas those collected on 13 September from 14-week-old plants were 56 and 89% positive. The percent agreement between the two detection methods was also significantly higher (P = 0.05) with younger plants (Table 2) . The best agreement, 90%, occurred with 30 lesion samples collected on 12 July from the two most recently planted (5-week-old) fields. The lowest percent agreement occurred with the leaf lesion samples collected on 8 August. All of the fields in our sampling 'area were damaged by severe rain storms and flooding in late July. The leaf lesions collected on 8 August contained unusually high numbers of bacteria, the majority of which had a colony morphology significantly different from that of P. syringae pv. tomato (data not shown). A total of 18 of the 258 lesions were initially probe positive and culture negative. The pathogen was eventually recovered from 16 of these lesions but only after two or three attempts at isolation from the original King medium B plates. Plates for the two probe-positive, culture-negative lesions (Table 2) (Table 3) . Approximately 65% of the bacterial population able to grow on NBY agar could not be recovered on VB-tar. Thirty-two replica-plated colonies from the VB-tar plates (eight from each field) were purified and tested for fluorescence on King medium B, for sugar utilization, and for pathogenicity on tomato plants. Only the 27 probe-positive colonies were identified as P. syringae pv. tomato (Fig. 4) . DISCUSSION The DNA probe pTPR1 provides an effective means of identifying field isolates of P. syringae pv. tomato. All 244 P. syringae pv. tomato strains isolated from Ontario tomato fields during the 1989 growing season produced coronatine and reacted with this probe. P. syringae pv. tomato was the only coronatine-synthesizing bacterium acquired during the sampling period. Furthermore, every virulent P. syringae pv. tomato strain in our culture collection, which contains isolates from Canada, the United States, New Zealand, and Europe, was probe positive. Although coronatine production is not a pathogenicity factor (1, 25, 26), it appears to be an important trait that may give the pathogen a competitive advantage in its natural habitat. Purified coronatine causes not only leaf chlorosis but also plant stunting and hypertrophy of potato tubers (25 (Fig. 2) . Earlier work has shown that the number of viable P. syringae pv. tomato cells in leaf lesions drops significantly as the lesions age (5) . Perhaps the probenegative, culture-positive lesions were formed early in the growing season and, as the P. syringae pv. tomato population fell, became overgrown with microbial opportunists. Typical bacterial speck leaf and fruit lesions may contain, in addition to P. syringae pv. tomato, pectolytic xanthomonads, P. syringae pv. syringae, P. viridiflava, P. marginalis, P. fluorescens, and P. putida (2, 5, 15). The leaf lesions with the lowest percent agreement between the two detection methods, those lesions that had been collected after the heavy rains in late July, contained exceptionally high numbers of extraneous microorganisms (as was observed on King medium B plates). Since several pathogens can produce lesions on field tomato plants that resemble bacterial speck (14, 21) , our probe-negative, culture-positive lesions may not have been formed by P. syringae pv. tomato. The bacterial speck pathogen itself may have been the opportunist in some of these lesions. Schaad et al., who found that Pseudomonas syringae pv. phaseolicola colonies less than 96 h old did not always react with their phaseolotoxin DNA probe, suggested that a low tox gene-to-total genomic DNA ratio in young colonies may be responsible for a probenegative reaction (29) . Young colonies of P. syringae pv. tomato hybridized strongly with pTPR1. However, since coronatine genes were plasmid encoded in most of the P. syringae pv. tomato strains we have examined (unpublished data), a low cor gene-to-total DNA ratio in field lesion bacteria, which are subjected to harsh environmental conditions, may be possible and may also help explain our results.
The sensitivity of the sulfonated pTPR1 probe, 4,000 CFU or 0.5 to 0.25 ng of purified genomic DNA, was equivalent to that of a 32P-labeled probe. Similar detection limits have been obtained with other sulfonated DNA probes (16, 18) and with 32P-labeled probes for X. campestris pv. phaseoli (13) and Salmonella typhi (28) . This level of sensitivity is more than adequate for enumerating P. syringae pv. tomato on field plants by the colony hybridization procedure or for screening young plants for bacterial speck lesions. Although biotinylation, another nonradioactive reporter system, has an equivalent or slightly better level of detection, its widespread use in plant disease diagnosis has been limited by the presence of endogenous biotin in plant material (17) .
The pTPR1 probe, coupled with the semiselective medium VB-tar, offers a highly sensitive and specific means of quantifying bacterial speck on tomato plants. Coronatineproducing strains of P. syringae pv. tomato, P. syringae pv. glycinea, P. syringae pv. atropurpurea, and P. syringae pv. maculicola were the only bacteria found to react with pTPR1. Of these pathovars, only tomato and maculicola, which, as mentioned earlier, are indistinguishable, were able to use D-(-)-tartrate as a carbon source. Results can be obtained with this procedure within 3 to 4 days of sample collection. The probe should facilitate epidemiological studies of this pathogen and aid in the testing of disease forecasting systems such as the one recently developed by Jardine and Stephens (20) . It will provide growers with a rapid means of screening transplant seedlings before planting and early in the growing season, when detection of bacterial speck-infested plants is crucial. It also should benefit the tomato transplant industry of Florida and Georgia, whose plants must be certified free of P. syringae pv. tomato before they can be shipped to the northern tomato-growing regions.
